Tracking an aircraft traveling 6,600 feet
per second was also a new challenge for NASA

and the Air Force. A special flight corridor,
known as the “High Range,” was created for the
X-15 flights. It measured 485 miles long and 50

X-15 after a hard landing on  miles wide and stretched from Wendover, Utah,
the lakebed by Scort
Crossfield. On 5 November
1959, the aircraft experi-
enced a small engine fire—a
dangerous occurrence in a
rocket plane. Crossfield
made an emergency landing
on:Rosamond Dry Lake with
a large quantiry of propel-
lants still on board. This
caused the “back” of the X-
15 to break, requiring three
months of repairs without
significantly delaying the
program,

(NASA Photo E 9543)

to Edwards Air Force Base. In addition, radar
tracking and telemetry sites capable of receiv-
ing 600,000 pieces of information a minute
were set up at Beatty and Ely, Nevada, as well
as at Edwards, to provide continuous coverage.
The route was also structured to follow a string
of dry lakes from the Wendover launch point
back to Edwards so the X-15 pilots would
always have an emergency landing field within

reach.22

Even preparing for a single launch was a
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tremendous undertaking. It took the ground
crew the better part of a week just to complete
the ground checkout of all the X-15’s complex
systems and instrumentation. The night before a
mission, crews and equipment had to be flown
to each of the High Range tracking stations, and
emergency personnel were stationed at key
emergency dry-lake sites. Then the morning of
a launch, about 25 ground-crew personnel
would work from the predawn hours to fuel and
ready the aircraft for flight.?®

The X-15 pilots and engineering crew
did benefit from the use of an analog simulator
that could assist both pilot training and flight
planning. The first simulators that could be used
for basic pilot training as well as engineering
analysis became available during the X-2
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program, but they were not as capable as the

ones developed for the X-15 program. The X-
15 pilots spent many hours in the simulator
before each flight, which helped reduce the
number of surprises they encountered.
Nevertheless, the program remained one
of the most challenging the Dryden pilots and
staff had ever undertaken. It could hardly have
been otherwise. After all, the X-15 team was
attempting to fly an aircraft at six times the
speed of sound and virtually into space at a time
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when airlines were still flying piston-engine,
propeller airplanes and even primitive comput-
ers were in their early development stages. It
would be an impressive program today; at the
time, the X-15 was a staggering effort of sheer
brute force.

Jack Kolf, who was an X-15 project
engineer, remembered the program as unique
because “everything it did was being done for
the first time. We had problems in all areas
every day, and every day it would be different.

Flights of Discovery

Neil Armstrong with X=15.
(NASA Photo E 6286)













followed) during their missions ranged between
145 and 180 beats a minute instead of a more
typical 70-80. Aeromedical researchers found
that the high pulse rates were not due to the
physical stress of the pilots’ environment, but to
the psychological keyed-up, highly-focused
state the missions required of them. 3!

The third phase of the X-15 program
yielded many other valuable contributions,
including measurements of the sky brightness
and atmospheric density, data from micromete-
orites collected in special wing-tip pods, and an
opportunity to explore Earth-resources photog-
raphy. The X-15 also tested a number of proto-
type systems that were subsequently used in the
Apollo program. For example, the aircraft
tested the insulation later used on the Apollo
program’s Saturn booster rockets, and the X-15
pilots tested horizon-measuring instrumentation
that aided development of navigation equipment
for the Apollo capsule. 3

Some of the biggest benefits reaped by
the space program from the X-15 and other
rocket aircraft efforts, however, did not come
from tangible pieces of hardware or technology
but from the intangible assets of people and
experience. Since the Mercury spacecraft was
being developed during the early stages of the
X-15 research program, the aircraft had a
somewhat limited impact on the design of the
Mercury capsule. But the success of the X-15
flights provided the Mercury program managers
with a level of confidence that was tremen-
dously valuable. Furthermore, a number of the
people at Dryden who had been involved with
the rocket-powered X-planes and the X-15 went
on to assume key leadership positions in the
space program. Walt Williams, for example,

became the operations director of the Project
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Mercury and Gemini Programs. And NACA
research pilot Neil Armstrong, who had evalu-
ated the use of reaction controls with both the
F-104 and the X-15, went on to apply his
knowledge to the Apollo program, hand-flying
the Lunar Landing Module to the first landing
on the moon in July 1969. 33

After 199 flights and over 18 hours of
supersonic and hypersonic research, the X-15
program came to an end in December 1968.
Adams’ accident the previous year may have
had some impact on the final decision, but the
biggest factor was simply that the focus of
NASA and the nation had shifted to space
flight. By 1965, 80% of NASA’s budget was
earmarked for space-related research.’* Much
more research information might have been
gained by continuing the X-15 program or
developing a follow-on effort, especially in
terms of preparing for the Space Shuttle, the X-
30 National AeroSpace Plane, or the High
Speed Civil Transport projects that followed.
But at the time the X-15 program was seen as
having decreasing value, because NASA’s
space program, at least in the 1960s, was
centered around a ballistic capsule rather than a
lifting reentry vehicle.

The Lifting Bodies

Understandably, a number of people at
Dryden were not happy about NASA’s choice
of a capsule over a lifting reentry space vehicle,
and a few of them were not content to close the
book on the subject. The result was the lifting-
body research program—an effort that exempli-
fied more than any other the independent,
innovative, pragmatic and pioneer mind-set of

the people who chose to work at Dryden.
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M2-F1 lightweight lifting
body behind a C-47
(NASA Photo E 10962)

Dryden’s staff was always characterized by a
passion for airplanes, and Reed hoped to take
advantage of that fact. Throughout the Flight
Research Center staff there were numerous
talented machinists, welders, and sheet-metal
workers who were involved in building
homebuilt aircraft in their spare time. Reed and
Eldredge’s plan was to utilize this on-site talent
and enthusiasm to build a low-cost test lifting-
body vehicle. Reed, Eldredge and Thompson
prepared a proposal and convinced Eggers to
come down from
Ames to hear them
present it to Center
Director Paul Bikle.
Eggers enthusiasti-
cally offered wind-
tunnel support for the
project, and Bikle
gave the trio the go-
ahead to build a full-
scale wind tunnel
model of the M2
design. Although the
official permission
was for wind tunnel
testing only, Bikle
noted that if the
aircraft happened to be
built so that it was
capable of actual flight, well, that would be
something beyond management’s control. The
message was clearly received, and the M2-F1
lifting-body team went to work.

A small hand-picked cadre of engineers
and fabricators set up shop in a corner of a
hangar at Dryden and began designing a steel
tubular frame and control system for the air-
craft. They designed the aircraft with a flat top
and rounded nose and belly, with two vertical

Higher, Faster

fins to give it directional stability and control.
Constructing a lightweight fuselage shell was
more of a problem, but Bikle, who was a world-
record-holding sailplane pilot, knew a sailplane
builder on nearby Lake El Mirage that he
thought could make one out of plywood. He
allocated $10,000 from his discretionary fund
for a fuselage shell contract, and contributed the
services of Ernie Lowder, a NASA craftsman
who had worked on the building of Howard
Hughes’ mammoth “Spruce Goose” wooden
flying boat.
While the aircraft
was being constructed,

the team began scout-

ing for a tow vehicle
that could allow them
to try some taxi tests
with the M2-F1 before
taking it to Ames for
wind-tunnel testing.

Fortunately, one of the
project’s volunteers, a
man named Walter
“Whitey” Whiteside,
was active in the hot-

rod racing circuits. He
supervised the pur-
chase of a Pontiac
Bonneyville convertible
and sent the car to Mickey Thompson’s re-
nowned hot-rod shop in Los Angeles for modi-
fication. The car arrived back at Edwards
capable of pulling the 1,000 pound M2-F1 at
speeds over 100 miles per hour—which was,
just coincidentally, fast enough to get the
aircraft airborne. The slightly irreverent but
enthusiastic group also arranged for the car to
be painted with racing stripes and a NASA logo
on the side.
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By then, however, the success of the
M2-F1 program had proven the concept suffi-
ciently to win broader support within the
agency. In 1964, NASA authorized the building
of two “heavyweight” lifting-body aircraft for
further research. One was a metal version of the
M2-F1, designated the M2-F2, and the other
was a design known as the HL-10 that was
developed at the Langley Research Center. Both
aircraft were to be built by the Northrop Corpo-
ration and would be equipped with an XLR-11
rocket engine to allow pilots to explore the
crafts’ characteristics at higher speeds, includ-
ing transonic and supersonic flight. The design
also called for small hydrogen-peroxide rockets
for the pilot to use if some additional flare time
was needed at touchdown. The flight research
program itself was to be another joint effort
between Dryden and the Air Force Flight Test
Center at Edwards. 36

The heavyweight lifting-body flights
began in July 1966, with the vehicles launched
from the same B-52 aircraft that was being used
to drop the X-15s. In their first configurations,
the lifting bodies were not the best handling of
aircraft. The first flight of the HL-10 was so
marginal that NASA instantly grounded the
vehicle and sent it back to Northrop for modifi-
cations. The M2-F2, on the other hand, had the
same poor lateral-directional stability as its
lightweight predecessor, which eventually led
to the program’s only serious accident.

On 10 May 1967, NASA pilot Bruce
Peterson was bringing the M2-F2 down to a
lakebed landing when a wind gust started a
rolling oscillation. The rolling turned Peterson
off his original heading, which increased his
problems because without the tar markings of
the runway on the lakebed, it was difficult for
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pilots to tell exactly how far off the ground they
were. As he was trying to dampen out the
rolling motion, a rescue helicopter appeared in
front of him, adding another distraction at a
critical time. Realizing he was very low,
Peterson fired the M2-F2’s hydrogen peroxide
rockets to reduce his angle of descent and
extended the landing gear, but it was too late.
Before the gear could lock, he hit the lakebed.
The gear sheared off and the M2-F2
cartwheeled over and over across the hard
lakebed surface at more than 250 miles per
hour. The film footage of the accident was so
spectacularly horrifying that it became the
opening sequence of the television series The
Six Million Dollar Man. Fortunately, Peterson
was protected by the M2-F2’s rollover struc-
ture, so while he lost an eye he managed to
survive the accident.

Peterson’s accident was actually the
fourth time the M2-F2 had demonstrated a
severe rolling oscillation, and the modified HL-
10 looked like it was going to have much better
flying characteristics. So there was not a lot of
support among NASA’s managers for rebuild-
ing the M2-F2 aircraft. But once again, there
was a small group of believers who refused to
say die. Researchers at Ames conducted wind
tunnel tests to determine what modifications
might alleviate the M2’s instability and deter-
mined that adding a third fin in between the two
existing tail fins would correct the problem. A
couple of champions for the program eked
successive small amounts of money out of
headquarters to permit the modification and
rebuilding of the aircraft. Northrop did the
major work and delivered a “kit” for the rede-
signed M2-F3 back to Dryden for final assem-
bly. Three years after Peterson’s accident, the
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M2-F3 made its first flight.?”

The lifting-body flight research program
eventually added two other Air Force-sponsored
configurations: the Martin-Marietta built X-24A
and its derivative, the X-24B. The X-24B,
which was literally built around the existing
fuselage of the X-24A, was by far the sleckest
looking and highest performing of the lifting
body designs. It had a higher lift-to-drag ratio
than the rounder models, which allowed it to
glide for a much longer distance. The Air
Force’s interest in the X-24B design was moti-
vated partly by a desire for a near-space capable
reconnaissance craft that could take pictures
over the Soviet Union and then still have
enough gliding power to make it back to the
United States for landing. Although an opera-
tional vehicle never materialized, the X-24B
proved a successful lifting body design with
very pleasant handling characteristics.?

The lifting-body flights contributed a lot of
useful research information about that kind of
aircraft configuration. Advocates of the pro-
gram, in fact, had hoped that the research
results would lead NASA to select a lifting-
body shape for the planned Space Shuttle. That
did not happen, but the program made a signifi-
cant contribution to the Shuttle design by
demonstrating that a horizontal landing space-
craft configuration with a very low lift-to-drag
ratio could be landed successfully and accu-
rately without propulsion. The initial Rockwell
design for the Shuttle called for air-breathing jet
engines to power it to landing in addition to the
rocket engines it needed for launch. The Dryden
experience with the lifting bodies, however,
convinced the Shuttle managers that the craft
could be landed safely as a glider, saving
weight and increasing the Shuttle’s payload.

Five years later, mission planners were still
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debating whether the Shuttle could be landed
within the confines of a runway. To demon-
strate that it could be done, NASA pilot John
Manke and Air Force pilot Mike Love per-
formed spot landings on Edwards’ concrete
runway with the X-24B, touching down pre-
cisely where they were supposed to. The debate
came to an end.

The lifting-body flights also contributed
to the Shuttle program by demonstrating not
only the fact that unpowered landings could be
done, but also how they could be done. The
lifting-body pilots’ approaches to landing,
which used steep descents to maintain high
speed that could then be transferred into excess
energy for a flare and gentle touchdown, is the
same technique used by the Shuttle pilots
today.*

The lifting-body program came to an
official end in 1975. Yet like a Phoenix rising
from the ashes, the concept has appeared sev-
eral times since then in proposed NASA space-
craft. When the Langley Research Center
revealed its HL-20 design for an emergency
crew return vehicle or small mini-Shuttle in
1990, the shape was remarkably similar to the
HIL-10 and X-24A designs. Lockheed’s pro-
posal for an unpiloted X-33 single-stage-to-
orbit cargo vehicle is also a lifting-body con-
figuration. And even one proposed crew return
vehicle, designed to carry sick or wounded
astronauts back from a space station, is a lifting
body design that would be programmed to fly
back into the atmosphere and descend only the
last few thousand feet by a steerable
parachute.

The lifting-body design has not yet
made it into an operational spacecraft, but it has
survived as a design concept longer than the
ballistic capsule that dominated NASA’s focus
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in the 1960s. And although the final Shuttle
design was neither an X-15 nor a lifting body, it
incorporated the knowledge learned from both
research programs. The sleek and swift X-15
and the stubby-looking lifting bodies might
have shared little in appearance, but between
the two of them, they demonstrated that it was
possible to fly a high-performance lifting
reentry vehicle into space and bring it,
unpowered, to a runway landing back on Earth.

Jet-Powered Speed Research

~ Although a great many of Dryden’s
resources were devoted to the rocket-powered
X-15s and lifting bodies in the 1960s and early
1970s, rocket planes and space were not
NASA'’s only concern. Advances in jet engines
and jet-powered transport aircraft had given rise
to the idea of a national supersonic transport,
commonly known as the SST. President John F.

Kennedy, in fact, had instigated an initiative in

1961 to produce a national supersonic transport

capable of flying Mach 3. Soon after, Dryden
began research to support such an aircraft. The
Center’s first effort involved a series of flights
with a Navy A-5A Vigilante to explore the
approach and let-down considerations of an
SST in a crowded air traffic environment. Over
the course of several months in 1963, Dryden
research pilots flew the aircraft on a series of
supersonic approach profiles both at Edwards
and into the Los Angeles International
Airport. 4

Dryden’s next research effort in this
area was with the XB-70. North American
Aviation had actually begun work on this
supersonic, intercontinental bomber even before
Kennedy’s initiative. It was a mammoth, six-

engine, primarily stainless steel aircraft weigh-

Higher, Faster

ing over 500,000 pounds and capable of Mach
3+ speeds. It had an advanced design that
incorporated two vertical fins, a forward hori-
zontal control surface called a canard, and a
highly swept delta wing with droop tips. Before
the bomber went into production, however, the
program was canceled. Nevertheless, the Air
Force continued to fund the two XB -70 proto-
types to be used as research aircraft.

The Langley Research Center was
already involved in SST research, and the XB-
70A Valkyrie was appealing to researchers
because its configuration closely matched many
elements they expected a supersonic transport
would include. The XB-70 was to be another
joint effort between Dryden and the Air Force
Flight Test Center, and research instrumentation
was incorporated into the aircraft from the start.
The plan called for the Air Force to manage the
initial test, evaluation, and early research flights
with the airplane, with NASA eventually taking
over management of one of the two aircraft.

The XB-70 earmarked for NASA was
scheduled to be turned over to Dryden in mid-
June 1966. But on 8 June 1966, the Valkyrie
was involved in a disastrous mid-air collision
with a NASA F-104N piloted by Dryden’s
veteran chief pilot Joe Walker. The XB-70A
and the F-104N had gone up with an F-4B, a
YF-5A, and a T-38A for a photo mission, and
Walker was flying just off the XB-70A"s
wingtip. Suddenly, Walker’s F-104 collided
with the XB-70’s wingtip, flipped over and
crashed into the top of the bomber, taking off
both the Valkyrie’s vertical stabilizers. The XB-
70A went out of control and crashed. Of the
three pilots involved, Walker in the F-104N and
North American test pilot Al White and Air
Force Major Carl Cross in the XB-70A, only
White survived, and he was seriously injured. In

Page 73






















Because of their high speed and altitude capa-
bilities, they have been able to test communica-
tions satellite hardware before it is launched in
an unretrievable satellite. And in 1996 they
were scheduled to perform airborne tests of a
linear aerospike rocket engine that Lockheed
plans to incorporate into its proposal for an X-
33 single-stage-to-orbit spacecraft. The
aerospike engine, while theoretically more
efficient than standard rocket engines, had
never been flown on an aircraft or spacecraft.
Lockheed wanted some high-altitude, high-
speed flight test data from the engine before the
competition was decided, and the SR-71 pro-
vided the most capable testbed. Research plans
called for a scale version of the rocket engine to
be mounted on the back of the SR-71 and fired
when the aircraft achieved the desired speed
and altitude.

The SR-71 has also been used to con-
ductresearch in an environfnent (above 90% of
the Earth’s atmosphere) that no other aircraft
could reach. For example, the Blackbird has
carried experiments that looked at the ultravio-
let (UV) ray penetration and UV backscatter in
the atmosphere. It has also used a forward-
looking laser to gather more “pure” air samples
and to try to predict clear air turbulence as far
as two miles ahead of the aircraft.

More than 30 years after its first flight,
the SR-71 remains a flexible, capable tool, and
it is still the only aircraft capable of sustained
Mach 3 flight at altitudes above 60,000 feet. As
such, it offers a unique kind of service both to
NASA and, as it turns out, the Air Force. The
aircraft has already provided valuable atmo-
spheric and aeronautical data, and all expecta-
tions are that it can continue to play a valuable
research role for some time to come. Yet al-

though it was not intended, one of the biggest
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contributions of NASA’s SR-71 program was
that it provided a way for items critical for an
SR-71 reactivation to be preserved. The Air
Force Blackbird program had been dismantled
with a vengeance that seemed designed to
ensure that it would never be resurrected. Had it
not been for the existence of Dryden and its
flight research program, the flexible, fast and
secretive reconnaissance capabilities provided
by the Blackbird probably would have been lost
to the Air Force forever. 40

High Flight Revisited

The increased interest in the Earth’s
atmosphere among scientists that spurred
interest in obtaining an SR-71 for NASA has, in
fact, spawned numerous flight research projects
at Dryden. As opposed to the X-15 days, how-
ever, this new effort in high altitude flight is
dominated not by piloted high-performance
rocket aircraft, but by low-powered Remotely
Piloted Vehicles (RPVs).

RPVs have been used for flight research
at Dryden since the 1960s, when model builder
Dale Reed was conducting his experiments with
lifting-body designs. Although his initial mod-
els were free-flight designs, the development of
radio-controlled aircraft technology allowed
him to innovate further with his model research.
By the late 1960s, he and fellow engineer Dick
Eldredge had built a 14-foot-long radio-con-
trolled “Mother” ship that they used to drop a
variety of radio-controlled lifting-body designs.
By late 1968, “Mother” had made 120 launch
drops, including a sleek lifting-body design
Reed dubbed the “Hyper 1I1.” The Hyper 111
followed the concept of the X-24B lifting body
design, with a predicted low-speed lift-to-drag
ratio as high as 5:1. Reed envisioned the Hyper
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Dryden engineer Bill
Burcham’s diagram on a
napkin that began Dryden’s
involvement with the
Propulsion Controlled
Alrcraft program. In the
diagram, DEFCS stands for
Digital Electronic Flight
Control System, a computer
that integrates engine and
flight controls; HIDEC
stands for Highly Integrated
Digital Electronic Control.
(NASA Photo

EC94 42805-1)

P> Chapter Four:
Improving Efficiency,

Maneuverability
and Systems

- f the first 20 years of planned, exploratory flight research at Dryden
focused predominantly on developing aircraft that could fly higher and faster, the
second 20 years were characterized by research efforts to allow aircraft to {ly “bet-
ter.” Almost two dozen flight programs at Dryden since the late 1960s have explored
technology and concepts to make aircraft more fuel-efficient and maneuverable and
to create vastly improved operating systems.

There were two catalysts that helped spur these research efforts at Dryden.
One was a shift in national research priorities sparked by the end of the era of cheap
fuel. The fuel crisis of the early 1970s made commercial aircraft that attained speed
from brute horsepower, like gas-guzzling cars, a luxury the country could no longer
afford. Increasing fuel efficiency suddenly became a higher public-policy priority,
driving focused research programs in those areas.!
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The other driving force behind the

research was the exponential growth of elec-
tronic and computer technology. When Apollo
11 went to the Moon in 1969, the onboard
computer had a memory of 36,000 words,? and
the pilot interface consisted of a simple number
keyboard with two buttons marked “noun” and
“verb.” Commands were issued by selecting
either the noun or verb key and then a number
that represented a specific word. Verbs told the
computer what action to take; nouns identified
the item with which the action should be taken.
Ten years later, technology had advanced far
enough for IBM to build computers with one
megabyte of main memory, and the field of
computerized flow analysis and design had
begun to flourish. Of course, a one-megabyte
computer in 1979 still took up the better part of
an entire room and cost around $365,000. By
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1989, however, an IBM personal computer (PC)
with one megabyte of main memory could fit
on a desktop and cost around $3,000. A mere
five years later, the memory available in PCs
had jumped to an almost hard-to-comprehend
number called a gigabyte.3

The advances were staggering, and they
were matched by equally significant leaps in
miniaturization and electronics. All of this
technology opened up an entirely new field of
aeronautical design. Flight computers made
unconventional, unstable aircraft configurations
possible for the first time, allowing the design
of significantly more maneuverable aircraft.
The forward-swept wing X-29, the thrust-
vectoring X-31, and even the General Dynamics
F-16 “Falcon” fighter jet were all products of
the computer age.

Advances in computers and electronics
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X-Linstrument panel
(compare with that of F-18
on next page)

(NASA Photo E49 00010)



































































and modifications, the program became ex-
tremely successful. In addition to simply
achieving controllable maneuvering flight at
angles of attack up to 70 degrees, the aircraft
clearly demonstrated the tactical advantage
thrust-vectoring could give a fighter. Simulator
experiments predicted that the X-31 would have
a 3:1 kill ratio. In actual combat maneuvers
against an F-18 fighter, however, the X-31 won
approximately 30 dogfight engagements for
every one it lost. It also demonstrated maneu-
vers no other aircraft was able to do, including
one named after program originator Wolfgang
Herbst. The “Herbst maneuver” is a rapid, 180-
degree turn at an extremely high angle of attack,
using the X-31’s post-stall maneuverability
characteristics.

In its later flights, the X-31 also investi-
gated the dynamics of “quasi-tailless” flight.
The flight-control system was set up to simulate
an aircraft without a vertical tail, depending
entirely on the thrust-vectoring system to
maintain its lateral directional stability. The
results were promising, which could have
important implications for future military
aircraft, as a tailless design would be a lot
lighter and would have a much lower radar
Cross-section.

Yet for all its accomplishments, the
program did have one black mark. In a sharp
reminder of how difficult it is to cover every
contingency in a research program exploring
new technologies and little-understood regions
of flight, a single-point-failure problem caused
the loss of the first X-31 on its last scheduled
research flight in January 1995. The aircraft’s
sole pitot tube?3 iced over, which sent incorrect
airspeed information to the flight control sys-
tem. “Thinking” the aircraft was traveling

slower than it was, the control system com-
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manded flight-control surface changes that were
too severe, and the aircraft went out of control.
The pilot ejected safely, but the airplane was
lost.

The accident was a shock to the Dryden
community, which had gotten accustomed to an
excellent safety record. But it illustrated the
double-edged sword of advanced technology.
The tremendous gains in computer technology
made possible much more accurate simulators
and computer predictions, so pilots faced fewer
unknowns than they had in the Center’s early
days. But as computer technology became more
capable, it also made aircraft systems more
complex, creating more opportunities for
something to go wrong.

Nevertheless, the program contributed
extremely valuable information and credibility
to the field of integrated thrust-vectoring tech-
nology. As with the F-18 HARYV, the X-31’s
paddle system for thrust vectoring is unlikely to
find its way onto production aircraft. But three
months after the loss of the first X-31, the
second one was cleared back to flight status and
taken to the Paris Air Show in June 1995. The
Pratt & Whitney engine company was display-
ing its experimental “pitch-yaw balance beam
nozzle” thrust-vectoring engine at Paris (the
same powerplant that was installed on Dryden’s
F-15 ACTIVE research aircraft discussed
below). Pratt & Whitney’s system bears no
resemblance to that of the X-31. But after a
dramatic flight demonstration by the X-31 that
showed the capabilities made possible by
thrust-vectoring technology, the Pratt &
Whitney booth was swamped with potential
future customers. The research hardware might
not be transferred but, as with many research
projects, the X-31 helped develop the basic
technology, proved its potential and gave it a
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critical level of credibility. In the case of inte-
grated thrust vectoring, the results were impres-
sive enough that the technology may not only
be incorporated into next-generation designs,
but also retrofitted to some existing fighter
aircraft.24

Aircraft Systems
Digital Fly-By-Wire

One of the main technologies that made
unconventional aircraft like the X-29 and X-31
possible was the computerized, fly-by-wire
flight-control system, and Dryden played an
important role in making that technology
available. Researchers at Dryden did not invent
computerized flight-control systems, but they
did conduct the first flight of a pure digital fly-

- by-wire aircraft.

A fly-by-wire airplane uses electric
wires instead of mechanical linkages to connect
the pilot’s control stick with the airplane’s
flight-control surfaces. When the pilot moves
the stick, an electronic signal is sent to the
appropriate control surface to command a
corresponding movement. The signals are
processed through a flight-control computer,
which can also integrate complex control laws
and control surface movements that would be
impossible with a simple mechanical system.

The Digital Fly-By-Wire (DFBW)
program at Dryden began in the late 1960s. The
Center had worked on analog fly-by-wire
systems for the Lunar Landing Research Ve-
hicle (LLRV) program, and both industry and
the research community were interested in
applying computerized flight-control systems to
aircraft. In 1969, a group of Dryden engineers
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developed a plan to investigate an analog flight-
control computer in a new research airplane.
Using an unconventional aircraft would demon-
strate not only the feasibility of a computerized
control system, but also the type of unstable
configuration the technology would allow. The
proposed research vehicle, designed by
Rockwell International, was a modified Vought
F-8 Crusader with a canard and ventral fins
instead of a conventional tail.

The researchers proposed the idea in late
1969 to NASA’s Associate Administrator of
Aeronautical Research and Technology, who
just happened to be Neil Armstrong. In addition
to his renown as the first man to set foot on the
Moon, Armstrong had been a Dryden research
pilot and had flown numerous research aircraft,
including the X-15. Armstrong asked why
Dryden was proposing an analog system instead
of a more advanced digital one. The researchers
explained that there was no flight-capable
digital computer in existence. Armstrong
reportedly replied, “I just went to the Moon on
one. Have you looked at the Apollo system?”
The Dryden engineers had not, but shortly after
that meeting, they hooked up with the Draper
Laboratory, an instrumentation lab operated by
MIT that had developed the Apollo computer.

In the end, NASA Headquarters ap-
proved the digital fly-by-wire research, but with
a conventional F-8 aircraft. The research air-
craft proposed by Dryden was simply too
radical and, in fact, was probably too advanced
to be successfully implemented in 1970. Inter-
estingly enough, however, the thrust-vectoring
X-31 built by Rockwell in the late 1980s shared
numerous design elements with the company’s
earlier DFBW airplane concept.

The concept of fly-by-wire aircraft
control systems was actually not new in 1970.
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other research programs.

The Resident Back-Up Software (RE-
BUS), for example, was an F-8 DFBW software
program that looked for anomalies in the paral-
lel software running on the three flight comput-
ers. The experimental software was only flown
six or seven times, but that was sufficient for it
to be picked up by industry and incorporated
into several experimental and production
aircraft. The F-8 program also developed a
remotely augmented vehicle system, which
downlinked the signals from the pilot’s control
inputs to a mainframe computer on the ground.
That computer processed the signal and
uplinked a command to actually move the
airplane’s control surfaces. The system was
developed to allow the testing of new control
laws and software without having to make each
new change robust enough for flight.

Yet one of the significant contributions
of the F-8§ DFBW program was simply proving
the feasibility of a DFBW aircraft and giving
the technology enough credibility to encourage
industry to incorporate computerized flight-
control systems in new aircraft designs. There
was great interest in the technology, and indus-
try engineers were on the phone with their
Dryden counterparts regularly during the F-8
program. In fact, some F-8 researchers believe
those personal contacts were crucial in transfer-
ring the DFBW technology. Because equally
important as the fact that Dryden had success-
fully flown a DFBW aircraft was how it had
done that. As Dryden collaborated with many
companies on subsequent flight research pro-
grams, the original Draper Lab/Apollo software
development processes were incorporated by
numerous industry manufacturers.

In 1978, six years after the F-8 DFBW
made its first flight, the McDonnell Douglas F-
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18 Hornet became the first production digital
fly-by-wire aircraft. Other aircraft would fol-
low. At its most basic level, fly-by-wire tech-
nology reduced the weight and maintenance
costs of aircraft by replacing heavy mechanical
systems with lightweight wires. But its real
significance was its impact on aircraft design
capability. Fly-by-wire technology made the
first inherently unstable fighter, the F-16,
possible. The highly maneuverable X-29 and X-
31, as well as the F-117 Stealth Fighter and B-2
bomber, not to mention the YF-22 Advanced
Tactical Fighter, all would have been impos-
sible without computerized flight-control
systems.

By the same token, accidents in the
future may stem less from wings breaking off
than from problems in the aircraft’s information
and electronic systems. One problem encoun-
tered in Dryden’s F-8 DFBW program, for
example, stemmed from a short time delay in
the system when it switched from the primary
to the backup flight-control computers. The
transition involved a delay of about a second,
during which the aircraft would pitch up
slightly. In the simulator, the delay was not a
problem. But in an actual flight environment,
the pilot tended to sense the pitch-up and try to
correct for it. The delay meant that the controls
would not respond immediately, and the pilot
would end up with far too much control input
by the time the backup system kicked in.

It was an important lesson with far-
reaching consequences that even the F-8 re-
searchers did not fully realize at the time. To
this day, one of the biggest problems with
computerized control-system aircraft is a
phenomenon called a pilot-induced oscillation,
or PIO. When the linkage is no longer a simple,
direct mechanical line between the pilot’s
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in 1976 from the Air Force as a Flight Research
Facility. The F-15 was used for a number of
different research projects in the late 1970s, but
in the early 1980s, it began flight research with
an advanced digitally controlled engine de-
signed by Pratt & Whitney. The Air Force had
told Pratt & Whitney that the engine with
Digital Electronic Engine Control (DEEC)
technology was too high-risk for the service to
fund as a production concept. So the company
approached Dryden and asked if the center
would consider a joint flight research program
to develop the engine technology further.

The experimental engines were put on
Dryden’s F-15 and flown from 1981 to 1983.
The flight research identified several problems
with the engine design, which Pratt & Whitney
subsequently corrected, but it also showed the
potential of the technology. The DEEC engines
allowed engine stall-free performance through-
out the entire F-15 flight envelope, faster
throttle response, improved airstart capability
and an increase of 10,000 feet of altitude in
afterburner capability. The results were impres-
sive enough that the Air Force committed to
full-scale development and production of what
became the F-100-PW-220/229 engines. Pratt &
Whitney also applied the Full Authority Digital
Engine Control (FADEC) technology to its PW
2037 commercial turbofan engines, which were
incorporated into Boeing’s 757 transport air-
craft.

Following the DEEC research, Dryden
engineers wanted to continue exploring technol-
ogy that could integrate engine- and flight-
control systems. The result was the Highly
Integrated Digital Electronic Control (HIDEC)
program, which was implemented on the same
F-15 Flight Research Facility aircraft, modified
with digital flight and engine control systems so
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it could explore integrated systems technology.
The first project was called the Adaptive Engine
Control System (ADECS).

The concept behind ADECS was that
conventional engine operation had to be based
on a “worst case” scenario of what the aircraft
might be doing. If the airplane was at a very
high angle of attack, for example, the airflow
going into the engine would be irregular, so the
engine could not be operating close to its stall
margin. Unfortunately, that also meant that
when the aircraft was in straight and level
flight, the engine was still operating well above
its stall margin, even though the slack was not
necessary at that point. This led to inefficient
engine operation. By integrating the flight-
control and air-data systems of the HIDEC
aircraft with electronic engine controls that
adjusted the engine exhaust nozzles, researchers
could adjust the operation of the engine to suit
the flight condition of the aircraft.

The results of the ADECS flight re-
search indicated that the system could reduce
engine temperature while holding engine thrust
constant, which could extend the life of the
engines as much as 10-12 percent. By allowing
higher engine pressures in less demanding flight
environments, the system also increased the
thrust of the engines by 8-10 percent, allowing
an increase in climb rate of 10-25 percent or a
reduction in fuel consumption of 7-17 percent.
As a result of the HIDEC flight research,
integrated control-system technology was
incorporated into Pratt & Whitney’s Improved
Performance Engines and the engines designed
for the Advanced Tactical Fighter (ATF).

The limitation of the ADECS technol-
ogy was that it was based on preprogrammed
tables that assumed average engine performance

on an average day. To generate truly optimum
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performance would require real-time onboard
sensing of engine and aircraft behavior. This
next step was accomplished through a follow-
on HIDEC research project called Performance
Seeking Control (PSC). The PSC technology
also added control of the engine inlet ramps to
the other variables in the system. This advanced
system offered a three to five percent increase
in thrust over the ADECS technology.33

Self-Repairing Flight Controls and
Propulsion Control Research

Integrated engine- and flight-control
systems offered the potential of more than just
performance increases, however. If an aircraft
could sense problems with individual compo-
nents and could manage all the other flight and
engine controls, it might be able to compensate
for damage or malfunctions in an emergency
situation. The first research project in this area
using the F-15 was a Self-Repairing Flight
Control System (SRFCS) concept sponsored by
the Air Force. Dryden’s F-15 was chosen for
the research because it was already equipped
with the digital system technology to make such
a research effort possible at a reasonable cost.

'The SRFCS itself was developed by the
McDonnell Aircraft Company and General
Electric’s Aircraft Control Division. In essence,
it used new integrated flight-control software
that would adjust the operation of the remaining
flight-control surfaces to compensate for the
damage whenever a malfunction in a compo-
nent was detected. The research flights, which
took place in 1989 and 1990, demonstrated that
an integrated control system could compensate
successfully for loss of individual control
surfaces. The aircraft would not have its full
| maneuvering capabilities, but the SRFCS was
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also configured to alert the pilot to the problem
and the new operating limitations of the air-
plane.34

An even more ambitious research effort
in the area of emergency aircraft control was
prompted by the 1989 crash of a United Air-
lines DC-10 in Sioux City, Iowa. Dryden’s
propulsion branch chief Bill Burcham was on a
business trip when he read about how Captain
Al Haynes and his crew had flown and at-
tempted to land the crippled DC-10 using only
the throttles after losing the aircraft’s hydraulic
system. Burcham was traveling with James
Stewart, Dryden’s F-15 HIDEC program
manager, and the two began talking about
whether a computerized propulsion-control
system could have allowed the DC-10 to land
safely. Burcham drew a diagram on a cocktail
napkin of how such a system might work, and
in five minutes, the two men had outlined a
Propulsion Controlled Aircraft (PCA) research
effort for the F-15.

Burcham actually began by going down
to the Center’s simulation room and attempting
to fly an F-15 simulator using the throttles only.
By increasing or decreasing thrust, he could
make the airplane climb or descend, and by
using asymmetric thrust with the two engines,
he could make it yaw left and right. It was not a
pretty way to fly an airplane, but it seemed the
idea could work. Burcham then enlisted the
help of Gordon Fullerton, a former Space
Shuttle commander who had gone to work at
Dryden as a research pilot when he left the
space program. After a few attempts, Fullerton
was able to put the simulator F-15 on the
runway every time, so the researchers felt
confident trying the concept in flight. The goal
of the initial research flights was to see how
well the aircraft could be controlled using only
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the throttles, without the computerized system.
Typically, simulators are more difficult to fly
than the actual aircraft, so Fullerton expected
the first flight to go well.

But as researchers at Dryden had been
learning for years, flight into new territory did
not always go as expected. As Fullerton re-
called from that first throttles-only F-15 flight,
“I was looking at the sky, and then the dirt, and
all over. I could barely herd [the airplane]
through the sky in the general direction of the
airport.” It turned out that the aircraft perfor-
mance in the simulator assumed identical
engines and very smooth response. The engines
in the real airplane, however, had slightly

different performance and response. The differ-
ences were small, but without the stability
augmentation provided by the flight-control
system, they were enough to make the aircraft
almost uncontrollable.

The good news was that as soon as the
computerized throttle-control system was
implemented, the aircraft became very control-
lable. It took nine flights to refine the system
satisfactorily, but in April 1993 the F-15 made
its first complete PCA landing. The concept not
only worked, it clearly made the difference
between a controllable and uncontrollable
airplane.

Yet the most significant application for
the technology would not be in a fighter, where
the pilot had the option of ejecting, but in a
transport aircraft. So after the F-15 flights,
Burcham talked to the McDonnell Douglas
Company about trying the system on an MD-11
airliner. McDonnell Douglas agreed to work
with Dryden on the program, and an MD-11
successfully demonstrated the first throttles-
only landing of a transport aircraft in August
1995, using the PCA system. The PCA software
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is also being researched in a Boeing 747 simu-
lator at the NASA Ames Research Center. It is
still too soon to say whether the system will
find its way into today’s or tomorrow’s airlin-
ers, but the PCA technology could be a power-
ful weapon in preventing accidents caused by
flight-control or hydraulic-system failures. It is
a compelling argument that makes it likely the
PCA software will find its way onto air trans-
port aircraft sometime in the future.35

The F-15 ACTIVE

Although it was not a direct outgrowth
of the HIDEC/F-15 program, one of the signifi-
cant applications of integrated engine- and
flight-control systems has been with thrust-
vectoring aircraft such as the X-31. Thrust-
vectoring technology depends on an integrated
system that can vector the engine thrust depend-
ing on the aircraft’s flight attitude and situation.
The thrust-vectoring paddles on the X-31 and
Dryden’s F-18 HARV were not a suitable
system for a production aircraft, but Pratt &
Whitney and others have been working on a
gimballing nozzle design that could be commer-
cially applied. Like the first electronically
controlled engine, the Pratt & Whitney “pitch-
yaw balance beam nozzle” concept is high risk,
so NASA agreed to work on a flight research
program to develop the technology further.

The resulting research program is a joint
effort among Pratt & Whitney, Dryden, the Air
Force, and McDonnell Douglas Aerospace and
is called the Advanced Control Technology for
Integrated Vehicles (ACTIVE) program. The
aircraft selected for the project is a highly
specialized F-15 that had been used by the Air
Force for a Short Take-Off and Landing
(STOL) program but which the Air Force
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agreed to loan to Dryden for this research effort.
This particular F-15 is well-suited for the
research because it already has a quadruple-
redundant digital FBW system. The redundancy
is important because one of the goals of the
ACTIVE research is to explore thrust-vectoring
technology throughout the entire F-15 envelope,
including speeds up to Mach 2. At that speed, a
failure in the system could cause the loss of the
aircraft.

As opposed to the X-31 program, which
focused on the maneuverability benefits of
thrust-vectoring, the F-15 ACTIVE program 1s
looking at what other benefits a more produc-
tion-like thrust-vectoring engine might create.
Possible benefits include reduced fuel consump-
tion, increased range, and decreased trim drag
by substituting thrust-vectoring for control
surface deflection. The program will also
continue the YF-12C and HIDEC research into
performance optimization and will be looking at
potential aerodynamic side-effects of a more
effective, production-like system. Wind-tunnel
tests at the Langley Research Center, for ex-
ample, have already indicated that the vectoring
nozzles create a tremendous rolling effect on
the airplane at moderate angles of attack. Based
on the information gained through the ACTIVE
research program, Pratt & Whitney plans to
commit to a production thrust-vectoring engine.

The first flights of the modified F-15
ACTIVE occurred in February and March 1996
and, for the first year, the focus of its work will
be on the thrust-vectoring engine technology.
Yet as was the case with many other research
aircraft at Dryden, the F-15 ACTIVE will
eventually be used as a testbed for other re-
search projects, such as a High Stability Engine
Control (HISTEC) program being developed by
the NASA Lewis Research Center.36
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The F-18 SRA

The F-15 ACTIVE is actually one of
two aircraft at Dryden currently dedicated to
advanced systems research. While the F-15
ACTIVE is investigating integrated flight
propulsion systems, an F-18 modified into a
Systems Research Aircraft (SRA) is being used
to research numerous advanced components and
sub-systems. The F-18 SRA began its Dryden
career in the 1980s as a chase aircraft. Its
evolution into a research vehicle began when
some engineers decided that perhaps the F-18
could conduct some small systems research
while still flying as a chase airplane. When
industry engineers became aware that Dryden
had a potential testbed for advanced systems
technology, the number of research efforts grew
and the aircraft became a full-time flying
testbed. As of the end of 1995, there were 12
different experiments flying on the F-18 SRA
and 11 more planned, involving most of the
major electronic manufacturers in the country.

The initial research with the airplane has
focused on “distributed” aircraft system tech-
nology that is designed to replace many central-
ized systems with smaller, self-contained
components. Decentralized systems could have
many advantages, including less susceptibility
to electromagnetic interference (EMI), less
susceptibility to battle damage, and reduced
maintenance costs. The technology might also
enable designers to use active flutter-suppres-
sion techniques, which could make aircraft
more efficient by reducing the need for heavy
aircraft structure.

The first such experiment on Dryden’s
F-18 SRA involved a “smart” actuator that

could sense whether the control surface deflec-
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In addition, the plane is scheduled to research a
propulsion-controlled aircraft system similar to
the one flown on Dryden’s F-15. The goal of
that project, which is a cooperative effort
between Dryden and McDonnell Douglas, is to
collect information necessary to implement a
PCA system on an F-18 aircraft. McDonnell
Douglas also hopes to use that data to imple-
ment a PCA system on its testbed C-17 military
cargo aircraft at Edwards Air Force Base. If
these research efforts go well, PCA systems
could well be included in future production F-
18s and C-17s.

Many of the research projects being
flown on the F-18 SRA are technologies that
could lead to more advanced aircraft. As with
the original fly-by-wire system, the technolo-
gies are still too high-risk for industry to com-
mit to them in production aircraft. But the F-18
SRA is providing a testbed that can research
individual components safely and develop the
technology and confidence in its reliability
enough that manufacturers and the ultimate
users of production aircraft can consider more

advanced systems for future airplanes. 37

Conclusion

In the past 25 years, computer technol-
ogy has not only advanced by quantum leaps, it
has also evolved from a supporting technology
to one that is a critical element for many daily
functions of our society. In the same manner,
computers have evolved from supporting
ground machines into critical flight components
for advanced aircraft. When the F-8 DFBW
flew in 1972, it was the only computerized, fly-
by-wire aircraft at Dryden. Today, almost all of
the Center’s research aircraft use fly-by-wire
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systems.

As changes in technology and national
priorities focused attention on making aircraft
“better,” Dryden’s research efforts shifted to
support that goal. In the late 1960s and 1970s,
Dryden and other NASA centers worked to-
gether to develop efficiency-oriented concepts
like the supercritical wing and winglets. Other
programs, like the F-8 DFBW, the X-29, the X-
31, and the F-15 and MD-11 Propulsion Con-
trolled Aircraft also helped develop a wide
variety of improved aircraft design concepts.
Most of these projects were joint efforts with
other centers, the military, and/or industry. But
by researching these concepts in flight, Dryden
helped these technologies gain a critical level of
maturity and credibility that allowed military
and industry leaders to consider them for
production aircraft.

The production versions of the technol-
ogy did not always look or operate much like
the systems researched at Dryden. The
gimballing nozzles under development by Pratt
& Whitney, for example, are a very different
design from the paddle-dependent thrust-
vectoring systems on the X-31 and F-18
HARYV. In some cases, like the F-8 DFBW,
some of the significant elements transferred to
industry were design processes and guidelines,
rather than any one system or piece of technol-
ogy. But even if the final commercial design
bore little resemblance to the research configu-
ration, the research flights at Dryden were often
watershed events that changed people’s ideas of
what was possible.

When Dryden engineers flew an aircraft
totally dependent on electronic systems, for
example, it proved that a fly-by-wire aircraft
could be flown reliably and safely. That proof

was critical in convincing designers and pilots
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